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construction difficulties. 





liquid limits. 


standard manner. 


Introduction 


- AMONG the soil tests required for control- 
| ling the quality of highway construction, 


the compaction test is one of the most 
important and one of the most time-consum- 
ing. A need exists for (1) shortening the time 
required to perform laboratory compaction 
tests, and (2) developing interrelationships 
between compaction test data and other 
laboratory test data to increase the basic 
knowledge of compaction. The results of 
_two studies conducted by the Bureau of 
Public Roads to accomplish these two ob- 
jectives are reported in this article. 


il Summary 





_ The optimum moisture content and maxi- 
| tum dry density obtained in compaction 
| tests are known generally to be related to the 
plasticity and gradation of the soil material. 
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orrelation of Compaction and 
Classification Test Data of Soils 


IBY THE OFFICE OF RESEARCH AND DEVELOPMENT 


Reported! by GEORGE W. RING, III, and 


JOHN R. SALLBERG, Highway Research Engineers, 


This article presents the results of two studies undertaken by the Physical 
Research Division, Bureau of Public Roads, to correlate the results of laboratory 
compaction tests with the results of classification tests. 
veloped in these studies have been proved useful for rapidly checking compaction 
test results and for denoting unusual soil characteristics that might cause 


The correlations de- 


Laboratory compaction tests are employed to provide data on maximum dry 
density and optimum moisture content of soils; results of such tests are used 
widely in the development of requirements for earthwork compaction. 
fication tests consist of grain-size analysis and the determination of plastic and 
In the two correlation studies described here, the compaction 
tests were performed in accordance with an AASHO test method; the grain-size 
analyses were extended to include the 0.001 millimeter size; and the moisture 
contents, denoting plastic and liquid limits of the soil, were determined in the 


Classi- 


The first study, to correlate compaction and classification test results was 
conducted mainly by plotting maximum dry densities and optimum moisture 
contents against plastic and liquid limits to arithmetic scale. 
study, multiple linear regression analyses were used; this permitted correlation 
of compaction test results with several characteristics of the grain-size analysis, 
as well as with the plastic and liquid limits. 

The formulas developed during these studies, incorporating the various factors 
for estimating compaction tests results, appear to be more reliable for a wide 
. variety of soils than any previously published. 


In the second 


This article shows the relationships of opti- 
mum moisture content and maximum dry 
density—as determined in the test, The 
Moisture-Density Relations of Soils Using 
a 5.5-lb Rammer and a 12-in. Drop (AASHO 
Designation: T 99-57, Method A)—to each 
of several plasticity and gradation character- 
istics and to two or more plasticity and 
gradation characteristics jointly. 

The multiple correlations, based on two or 
more plasticity or gradation characteristics, 
provided several methods for predicting 
optimum moisture content and maximum 
dry density. The simplest of these prediction 
methods seems to be better than those pre- 
viously published when a variety of soils from 
large geographical areas are being considered. 
The best correlations of compaction data with 
classification data were obtained when the 
analyses were made on test data from only 
one county, which was the smallest geographi- 
cal unit considered. 


Physical Research Division, and 


WEBSTER H. COLLINS, Bridge Engineer, 


Development Division 


Predicted optimum moisture content and 
maximum dry density are useful for several 
purposes: (1) determining the amount of 
water to use in the compaction test for the 
first moisture-density point; (2) rapidly 
appraising compaction test results when the 
classification data are readily available; (3) 
reducing the number of compaction tests 
required in areas where the prediction methods 
have been proved to be sufficiently accurate 
for construction control purposes, and (4) 
denoting unusual soils that are different from 
those generally encountered and that may 
cause construction difficulties. 


Published Correlations 


In 1938, Woods and Litehiser (1)? showed 
the general interrelation of plastic limit, 
plasticity index, liquid limit, optimum mois- 
ture content, and maximum dry density for 
1,367 Ohio soils. They reported that in- 
creases in the plastic properties of the soils 
were accompanied by increases in optimum 
moisture content and decreases in maximum 
dry density. In a more recent report, Jumikis 
(2) presented a chart relating optimum mois- 
ture content obtained from “ standard 
soil compaction tests ” with liquid limit 
and plasticity index for various New Jersey 
glacial soils. This chart is shown in figure 1. 

Rowan and Graham (3) presented two 
formulas for estimating the maximum dry 
density and the optimum moisture content as 
determined in the Proctor test. These 
formulas are, as follows: 


1 Presented at the 41st annual meeting of the Highway 
Research Board, Washington, D.C., January 1962. 

2 References indicated by italic numbers in parentheses are 
listed on page 86. 

3 The details of the compaction test used by Rowan and 
Graham were not given. In the original Proctor test (4), 
25 firm 12-in. strokes of a 5.5-lb tamper were used on each of 
three layers of soil in a mold about 4 inches in diameter and 
5 inches in height. 


77 


Table 1.—Summary of deviations of optimum moisture contents estimated by the PL and LL chart (fig. 4) from those determined by tes 


Predominant soil type 


No. of samples for which the estimated optimum moisture content was less 













than the test result by amount indicated 











bf “* a a = ty fae an 


No. of samples for which the esti- 
mated optimum moisture content 
exceeded the test result by amount 




















State (origin) 1 indicated 
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See reference 10. 


Calculated density, pounds per cubic foot!= 


eee) 


11995 G, 


Calculated optimum moisture, percent= 


sL(y Wi eo tits PRC) 


Where, 


CA 
D= 5G 
C=62.5 & shrinkage ratio, p.c.f. 
A=percentage passing No. 4 sieve 
B=percentage passing No. 40 sieve 
G.=specific gravity 
SL=shrinkage limit, percent. 


In comparing the predicted maximum dry 
densities and optimum moisture contents 
with test results for 10 soils, Rowan and 
Graham (3) found that the greatest difference 
between the predicted and the test maximum 
dry densities was about 5 percent, and that 
the predicted optimum moisture contents 
were slightly higher, from about 1 to 5 per- 
centage points, than the test results. They 
suggested that all calculated (predicted) 
optimum moisture contents be corrected by 
subtracting 3 percentage points. 

Davidson and Gardiner (6) used the 
Rowan-Graham formulas in an analysis of test 
data for 210 soils from 11 States. They 


4 Pounds per cubic foot hereafter indicated by p.c.f. 
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Figure 1.—Optimum moisture content and liquid limit related to plasticity index © 
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various glacial materials (2). 
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le 2.—Comparisons of optimum moisture contents and maximum dry densities estimated by PL and LL chart (fig. 4) with those 
on determined by test! for soils from Alaska and outside the continental United States 





Location 


Optimum moisture content 


Maximum dry density 





Test Estimated 





‘Alajuela, Costa Rica_...__--------- aye a 
Las Lomas, Panama 
Liberia 

2 Do 


Addis Ababa, Ethiopia 
MGMT AWA =o ore aca eos ns eee Kaolinitic 
D do 





BIACKCOULOM a see =a eee el 39 


Deviation Estimated Deviation 





Percent 
41 
29 
20 
12 
15 


Percent 


33 
36 
37 
35 


20 
24 
33 


10 
14 
13 











1 Data from Public Roads laboratory except for Hawaiian soils, which are from Kawana and Homes (11). 


‘ound wide deviations between the predicted 
and test results obtained from “. .. the 
standard Proctor control tests...’ on 
aighly plastic soils. They determined that 
the size of the deviation was related to the 
dlasticity index of the soil and revised the 
Rowan-Graham formulas to fit these data 
more closely. The revised formulas are, as 
follows: 


Calculated density, p.c.f.= 
6250 Ky 





a at tena a (3) 
B 100 
aT hes wards 
UG 1)" 
Calculated optimum moisture, percent = 
B = 
SL(q)+Ks -Y Seren (4) 
Where, 
- 312—2(PI) 
——_ 300 
PI=plasticity index 
| _ R =shrinkage ratio 
Ey 
' 4 
‘Formula (3) does not include the specific 


gravity term (G,), which appears in formula 
(1); Rowan and Graham calculated specific 
gravity from shrinkage test data, whereas 
Davidson and Gardiner substituted the 
shrinkage data directly into the formula. 

' Turnbull (6) of Australia showed that the 
optimum moisture content is closely related 
to the gradation of the soil. For a numerical 
measure of gradation, he used the area above 
the graph of the grain-size distribution curve 
and named it the classification area (7). The 
_ solid, curved line in figure 2 shows the relation- 
ship of classification area to optimum moisture 
content for 101 soils tested by a compaction 
method very similar to the AASHO T 99-57, 
Method A. (The compaction effort that 
Turnbull used was 15 percent greater than the 
AASHO effort.) The simple curvilinear re- 
lationship shown in figure 2 fits the test data 
for optimum moisture content very closely; 
72 percent of the predicted optimum moisture 
contents were within 1.0 percentage point of 
the test results. Additional tests made later 


ont 


ie 


< 
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by Turnbull, on coarse-grained soils with high 
classification areas, indicated that the curve 
in figure 2 should be corrected to follow the 
dotted line shown in the figure. Information 
on these tests was transmitted to the authors 
by a letter from Mr. Turnbull dated Oct. 10, 
1961. 


OPTIMUM MOISTURE CONTENT — PERCENT 


Percent i & Pte. 
—19 99 
104 
95 
114 
108 


87 
99 
97 
86 
90 
100 
97 
86 


Cone Sales 


125 
114 
119 





ork oO 











To simplify the determination of the classi- 
fication area, Turnbull subdivided the grain- 
size distribution chart by equally spaced 
ordinates; figure 3 is an adaptation of Turn- 
bull’s chart. The original chart by Turnbull 
extends to the right five more units to include 
particle sizes up to 6 inches. The extra five 





CLASSIFICATION AREA 


Figure 2.—Optimum moisture content vs. classification area based on test data from 101 


soils (6). 


coarse material. 


100 


The dotted line shows position of corrected curve based on additional tests of 
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Figure 3.—Grain-size distribution of Cecil coarse sandy loam on a chart for determining 
Turnbull classification area (7). 
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same as the current AASHO Designation. 
T 99-57, Method A. In this method, the 
soil fraction passing the No. 4 sieve is com- 
pacted in three layers in a 4-in. diameter mold — 
by dropping a 5.5-lb. rammer from a height | 
of 12 inches, 25 times per layer. i | 
Correlations were made by plotting the test i 
data on rectangular coordinates. The chart — 
shown in figure 4, developed by Yemington (8) © 
in the first study, correlates optimum moisture 
content and maximum dry density with plastie 
limit and liquid limit. To evaluate the chart, 
it was used to estimate optimum moisture 
contents for 510 additional soil samples from 
a number of States. These estimates were 
compared to test results; these comparisons 
are given in table 1. The comparisons show 
that 81 percent of the predicted optimum 
moisture contents were within 2 percentage 
points of the test optimum moisture contents, |_ 
The correlation was best for eastern soils; 94 _ 
percent of the predicted optimum moisture 
contents for the 222 samples from east of the — 
Mississippi River were within 2 percentage — 
points of the test results. Soils showing the — 
least correlation were from non-soil areas | 
west of the Mississippi River. To evaluate 
estimates of maximum dry density from the 
chart (fig. 4), a study was made of test data | 
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NUMBERS BETWEEN CURVES 
IDENTIFY ZONES OF OPTIMUM 
MOISTURE CONTENT AND 
MAXIMUM DRY DENSITY. 








Example: Given: Plastic limit - 20 Find: Average maximum dry density and 
Liquid limit - 35 optimum moisture content. 


Answer: |10 pcf.density and I6 percent 
moisture. 





Figure 4.—Relation of average maximum dry density and optimum moisture content to 
plastic limit and liquid limit. 
these, 866, when multiplied by 0.00301 yields 


units were not needed in the Public Roads 


study because the maximum size of particles 
used in the compaction test was 4.7 mm. 
(about three-sixteenths of an inch). 

To determine the classification area from 
the grain-size distribution curve of a given 
soil material, one-half of the length in percent 
of ordinate zero above the curve should be 
added to the sum of the lengths of ordinates 
1 through 19 above the curve, and that sum 
should be multiplied by 0.00301. For example, 
the gradation of a sample of Cecil coarse sandy 
loam has been plotted on figure 3. The length 
of the ordinates to be added above the curve 


95 oe eee 
are =? 89, 84, 78, 72, 67, 61, 55, 50, 44, 40, 36, 


34) 02,020, 20, 16) 5, 2and Om heysumrot 


a classification area of 2.61. By locating the 
point corresponding to this area in figure 2, 
the optimum moisture content is determined 
to be 22 percent. 


FIRST PUBLIC ROADS STUDY 


The first attempt, in 1958, by the Bureau 
of Public Roads to correlate optimum moisture 
content and maximum dry density with classi- 
fication data was based on test data of 972 
soil samples from 31 States. The compaction 
test used in the first study, as well as in the 
second, was performed in accordance with 
AASHO Designation: T 99-49, which is the 


Table 3.—Correlation between variables as determined by inspection of data plotted on 


rectangular coordinates 








from 532 samples, which included the 510. — 
Sixty-three percent of the estimates were. 
within 4 p.c.f. of the corresponding test results. 







Another appraisal of the chart was made 
with test data for soil samples obtained from | 
Alaska and places outside the continental 
United States. The comparisons, given in| 
table 2, ranged from reasonably good for soils | 
from Alaska to extremely poor for those from 
Costa Rica, Panama, and Hawaii. Whereas, 
the data clearly show that wide variations, 
occur between the predicted and the actual 
test results of optimum moisture contents’ 
and maximum dry densities for certain soils, 
the variety of soils studies was too limited to. 
warrant conclusions as to the cause of the 
variations. | 

The results of Public Roads’ first study, 
























eat es proved to be very useful. The chart, figure 

| em oat! ee Roo ST a 4, has been used for several years as a guide 

Correlation | : in performing compaction tests, particularly 

| Good Fair Poor | Linear | Curved | Linear | Curved to estimate the amount of water to use for 

Poe ae eT | pia the first moisture-density point. It also has 
Le moisture ee ak versus: | = x | x been used by the laboratory supervisor tc 
oe ae oe tee egos | ooo = aaa xX — determine whether the optimum moisture 
Banger kt Ae 7 SC) | ee. Rare rene ae eas iL Fee contents obtained by technicians were reason- 
a se Sonanaspabeeemme nw se anse=es}  Gumtes - ne 2 ayy pot able. The use of the chart is limited, however 
RS & ip ead TE A USO S| | AOI x RAT) ais ee PG | Here xX in that it does not fit a large number of unusua 
Ri atémiin: drs danniey waraia: soils. Further analysis was needed to make 
eatles paws enw tewinde eee ean ehey ee | Haid Wert Mee a = the correlations applicable to a wider range 0 
PL.. poker oa ite iia | See Ty be Po ee x soils and to make the estimates more accurate 
Rie ; Ba ie eae a ae tie | 
CEES nck ed oe ee eS Dh ae ee See aaa pepe x x ; 
0,001_.. 2 ee Pe Se iS x JO h Paseo | se ae dh, | Dae ae yy SECOND PUBLIC ROADS STUDY 











Legend: 

LL, Liquid limit. 

PL, Plastic limit. 

PI, Plasticity index. 

Range, Number of log cycles traversed by the straight line approximating the Dy to Dgo portion of the grain-size dis- 
tribution curve. 

ID’so, The average particle size, determined at the midpoint of the straight line referred to in Range definition. 

FA, Fineness average, equal to one-sixth of the sum of percentages of particles finer than the following sizes in milli- 
meters: 2.0, 0.42, 0.074, 0.020, 0.005 and 0.001. 

0.001, Percentage of particles finer than 0.001 millimeter. 


To improve the methods for predicting opti 
mum moisture content and maximum dr; 
density, Public Roads made a second stud) 
in 1961 using multiple linear regression analy 
sis. This method of analysis permitted all © 
several variables to be used jointly for est 
mating optimum moisture content and max 
mum dry density. 





! Ratings were based on the degree of scatter of the plotted points about the line of best fit. 
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WATER-DEPOSITED CLAYS AND SILTS aa & 
y7 LOCATION OF COUNTY SAMPLED 


SY 
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Selection of Samples and Variables 


Soil test data, to represent a broad coverage 
of soils within the continental United States, 
‘were selected from the files on the basis of 
the geographical and geological origin of the 
soil samples. Initially, 946 samples were 
selected; many were the same as those used 
in the first study. This number was reduced 
ito 600 by the use of a set of random numbers. 
The nonplastic soils were eliminated after 
preliminary analyses of the test data had 
_ shown them to have different interrelation- 
' ships from those of the plastic soils. The 
analyses were made on the remaining 527 
samples of plastic soil. The general types 
(origins) of soils represented, their sampling 
locations, and the number of samples from 


each location are shown in figure 5. 
| The independent variables used in the 
analyses included plastic limit, liquid limit, 
_ plasticity index, and several measures of 
gradation. Specifie gravity also was consid- 
ered but was not used because of insufficient 
i data. Standard AASHO tests were used in 
determining the plasticity and gradation of 
the soils; gradation was determined on the 
fraction passing the No. 4 sieve because that 
was the fraction used in the compaction test, 
AASHO T 99-57, Method A. Gradation, as 
represented by percentages passing specific 
sieves, could not be used as an independent 
i variable because the regression type of anal- 
4 ysis requires that each variable be express- 
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ible or measurable by a single number. To 
represent characteristics of gradation, several 
measures were tried. Burmister (9) reported, 
“The significant characteristics of grain-size 
distribution are fineness, range of grain size, 
and type of grading.’’ All of these character- 
istics were evaluated in the second Public 
Roads study. 


100 





C 








Figure 5.—Primary soil type (origin), location of county samples, and number of samples. 


Three measures were devised for fineness, 
as follows: (1) Percentage of particles finer 
than the 0.001l-mm. size was designated as 
0.001 fraction. (2) Fineness average, FA, 
was determined by taking one-sixth of the 
total of the percentages of particles, by weight, 
finer than the following listed sizes in milli- 
meters: 2.0 (No. 10), 0.42 (No. 40), 0.074 
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Figure 6.—Typical grain-size distribution curve showing shape, D's, and range. 


81 





H 


40 


oO 
(oe) 


OPTIMUM MOISTURE CONTENT 
- PERCENT 
nm 
° 


10 20 30 40 





sel eecee 





50 60 70 80 


LIQUID LIMIT (FOR SHAPE 2) 


Figure 7.—A preliminary plot of optimum moisture content vs. liquid limit. 


(No. 200), 0.020, 0.005, and 0.001. (3) The 
average particle size, Dso, was obtained at 
the midpoint of a straight line (fig. 6) drawn 
to approximate the major portion of the grain- 
size distribution curve. The dashed line in 
figure 6 is an example of this straight line; it 
approximates the grain-size distribution curve 
from Dy) to Dg. The percentage finer than 
the 0.001-mm. size was used in the first two 
measures mainly because it is the finest frac- 
tion normally measured in the Public Roads 
The range of grain or par- 
range, is 


soils laboratory. 
ticle sizes, designated herein as 
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Figure 8.—Logarithmic plots of optimum 
moisture content vs. PI, and optimum 
vs. (PI+-15), showing effect of adding a 
constant to the independent variable. 
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Figure 9.—Relation of optimum moisture 
content to plastic limit and fineness 
average, analysis No. 4. 
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defined as the number of log cycles traversed 
by the straight line approximating the Dj to 
the Dg) portion of the curve. The type of 
grain-size distribution curve was designated 
shape. The five shapes considered are shown 
in figure 6. 


Study of Simple Relationships 


To examine the simple relationships of each 
dependent variable—optimum moisture con- 
tent and maximum dry density—with each 
independent variable, plots were made on 
rectangular coordinates to arithmetic scale. 
Separate plots were made for each shape. An 
example, optimum moisture content versus 
liquid limit for shape 2, is given in figure 7. 
The results indicated good correlations of op- 
timum moisture content with liquid limit and 
with plastic limit, and good correlations of 
maximum dry density with optimum moisture 
content and with plastic limit. A summary 
of the findings is given in table 3. Whenever 
a definite linear or curvilinear relation was de- 
veloped on arithmetic scale, that line approxi- 
mating the data was replotted to logarithmic 
scale. The type of relationship resulting, 
linear or curvilinear, also is shown in table 3. 
An examination of the plotted data for each 
shape indicated that separating the data on 





the basis of shape was of little or no value 
hence, the data for all the samples were su 
sequently analyzed together regardless _ 0 
shape. 


Regression Analysis by Electronic 
Computer 


The multiple linear regression analyses were 


performed on an IBM 650 electronic computer 
using a computer program (file number 
6.0.001) supplied by the machine manufac 
turer. The multiple regression analysis is a 
method for obtaining a formula for estimating 
one variable by means of several other vari- 
ables. The analysis provides the linear equa- 
tion that best fits the data. The results of 
the multiple linear regression analyses are 
summarized in table 4. The variables and 
the standard error of estimate® are given for 
each analysis. The formulas that were de- 
veloped are listed in table 5. é 

@In the first of five regression analyses, to 
determine equations for predicting optimum 
moisture content, a relationship was sought 
using all six independent variables. The 
analysis was made without adjustments for 
the curvilinear relationships of D;) and FA 
(table 4). The resulting standard error of 
estimate was +2.00 percent moisture. 

@In analysis No. 2, iogarithmie transforma- 
tions were made of all variables in order te 
make the linear program applicable to curvi- 
linear relationships. The resulting standar¢ 
error of estimate indicated a slightly poorei 
correlation than that obtained in analysis No 
1. It was found that the logarithmic trans 
formation, in addition to straightening ow 
certain curvilinear relationships, had cause¢ 
some linear relationships to become curvilinear 


5 The standard error of estimate is a measurement of dey 
ation or degree of scatter of the points (test results) aroun 
the regression line. If the normal distribution of error holds 
67 percent of the test results will be within one standar 
error of the predicted result, and 95 percent will be withi 
2 standard errors. The unit of measure is the same as thé 
of the predicted variable. 


Table 4.—Variables and resulting standard error of estimate for each regression analysi 


Analysis Depend- 


Independent variables ! 


Standard Remarks 





ent 
variable 


No. 
PL 





Ar bd pdbd 


nn 


1 
2 
3 
4 
5 
6 
7 





© 00 
Aw 

















1 Independent variables are simplified; see table 5 for exact form of each variable. 


in table 3. 


0.430. 
8 All variables were transformed to natural logarithms. 


error of 
estimate 


sy 
be 


2 +2. 00 
2. 05 
£1. 98 


+£2.17 
1.13 


Data used directly. 

Log transformation. 4 

Log transformation with 
fab tae ts.4 


0. 
Do. § 


vatat al 


Aw 


+4. 44 Data used directly. 

+2. 52 Log transformation with 
adjustments, 4 

+4. 32 Do. 

+2. 98 Do. 5 


vata 





vata 











Meanings of abbreviations are giv 


_? The standard error of estimate by predicting with PL alone was +2.45; the predicting equation is O.M.C.=0.811 PT 


4 Constants were added to some independent variables before logarithmic transformation to make all relationships lim 


with dependent variable. 
5 Analysis is for 40 samples from Loudon Co., Tenn. 
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Table 5.—Summary of predicting formulas from Public Roads Study No. 2 










Analysis 
No. 


Predicting formula 












Log O.M.C.=0.158 log(2~) +0. 647 log P 





O.M.C.=1.427 LL— ai 0.816 PL—1.373 PI—0,0007 D’50-+0.062 FA+0.035 (0.001 fraction) —1.312 
>) 40.854 log FA+0.248 log (0.001 fraction) —0.974 





1 
7.126—0.653 log (OM C-++15) +0.059 log LL—0,120 log (PL-+20)+0.014 log FA 
fs 


3 | Log 0.M.C.=1.029 log LL-+-0.045 log PL-+0.2: 
7 4 | Log O.M.C.=0.784 log PL+1.378 log (FA+100) —6.586 
It 15 | Log O.M.C.=0:763 log PL+1.377 log (FA+100) —6.544 
b 6 M.D.D.=147.525—0.020 LL—1,195 PL—0.198 FA 
J 7| Log M.D.D.= 
: g | Log M.D.D.= 1.247 ~0.567 log (PL+20)—0.110 log FA 
, 19 | Log M.D.D.=7.105—0.518 log (PL+20)—0.113 log FA 























O.M.C., Optimum moisture content. 
M.D.D., Maximum dry density. 
LL, Liquid limit. 

PL, Plastic limit. 

PI, Plasticity index. 


FA, Fineness average. 


log, Natural logarithm. 


1 For 40 samples from Loudon Co., Tenn. 


@Prior to analysis No. 3, the average linear 
Yjand curvilinear relationships developed in 
arithmetic plots of the data were plotted to 
logarithmic scale to determine the effect of 
logarithmic transformation on all the vari- 
ables. When the resulting plot was curved, 











nal | 


Sr Se, MOISTURE CONTENT - PERCENT 


‘ Log O.M.C.= 0.784 log PL +1.378 log (FA +100)-6.586 








24 log (PI+15) —0.033 tor at +0.229 log (FA+100)-+0.098 log (0.001 fraction+40) —3.401 





D’;o, The average particle size on a straight line approximating the grain-size distribution curve. 


0.001 fraction, Percentage of particles finer than 0.001 millimeter, 


constants were added to the independent 
variables to obtain straightline relationships. 
An example of this type of adjustment is 
shown in figure 8. The constants were deter- 
mined by trial and error. The standard error 
of estimate of +1.98 percent moisture 





LIMITS OF ONE STANDARD 
ERROR (+10.6 PERCENT O.M.C.) 


vith 
wil | 
| 
— 
sat | 5 10 15 20 en 30 fee 40 
wal} ACTUAL OPTIMUM MOISTURE CONTENT 
. (AASHO T99-57, METHOD A)- PERCENT 
“a Figure 10.—Actual vs. predicted optimum moisture content from analysis No. 4. 
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indicated a slightly better relationship than 
found in the previous analysis. 

@In analysis No, 4, optimum moisture con- 
tent was compared with only two independent 
variables—plastic limit and fineness average. 
The number of variables was reduced to 
simplify the predicting equation. Plastic 
limit and fineness average were used because 
the partial correlation coefficients from pre- 
vious analyses had indicated them to be the 
best two of the independent variables for 
predicting optimum moisture content. The 
reduction of independent variables, however, 
reduced the accuracy of the predicting formula; 
the standard error of estimate increased to 
+2.17 percent moisture. The predicting 
formula developed in this analysis was: 





log O.M.C.=0.784 log PL-+ 
1.378 log (FA+ 100) —6.586.......... (5) 


Where, 


log=natural logarithm 
O.M.C.=optimum moisture content, per- 
cent 
PL=plastic limit 
FA=fineness average. 


Figure 9, developed from formula (5), shows 
optimum moisture contents for the range of 
plastic limits and fineness averages studied. 

The standard errors of estimate shown in 
table 4 were based on the numerical differ- 
ences between the measured and _ predicted 
optimum moisture contents and maximum dry 
densities. These standard errors of estimate 
may give the erroneous impression that the 
optimum moisture content or the maximum 
dry density can be predicted with the same 
accuracy through a wide range of values, A 
more realistic picture of the relationship 
between predicted optimum moisture content 
from formula (5) and the test optimum moisture 
content is shown in figure 10. The deviations, 
in percent moisture, increased as the actual 
optimum moisture content increased. 

@ Analysis No. 5 was made with data repre- 
senting 40 samples from Loudon Co., Tenn. 
The test data from a single county were 
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i 





Table 6.—Soil data used in comparison of methods for predicting optimum moisture content 











Gradation finer than sizes shown in millimeters 2 





Optimum! Maxi- ‘ Shrink- | Shrink- 

Location sampled Soil! Horizon | moisture} mum LL | PL | PI | Specific age age 

series sampled | content dry gravity | limit | ratio 
density 4.7 2.0 0.42 

Percent Eecupe Percent | Percent | Percent 

OUaWwa, Licensee ees e (2) Leek ee 14 119 28 15 13 2. ¢2 13 1. 95 100 98 92 
Bayfield Co., Wis__.-| Gogebic__ -- A2 14 109 24 22 2 reel 23 1. 68 100 99 90 
Jerome Co., Idaho____| Portneuf._- Bo 16 107 26 22 4 2. 72 19 1.73 100 100 99 
New Castle Co., Del_| Manor-__-_- A 17 109 35 26 9 Qari 23 1.61 100 89 77 
DeSoto Co., Miss..-.| Grenada--- C2 18 106 41 22 19 DASA 19 1. 73 100 100 109 
Strafford Co., N.H-_-.| Suffield. -_- C2 20 107 40 22 18 2.74 21 1. 72 100 100 99 
Maricopa Co., Ariz_-| Mohave_.-- Bz 20 109 43 20 23 2. 66 ll 1. 96 100 99 91 
Elbert Co., Ga___-.- Orci = Bo 22 100 68 34 34 oder 26 1. 53 100 97 80 
Madison Co., lowa_ Winterset __ Bo 25 94 70 30 40 2.73 9 2.02 100 100 99 
Albemarle Co., Va.__| Davidson_- Bo 31 89 72 37 35 2.89 24 1. 60 100 100 99 



































1 Sampled and named by the Soil Conservation Service, U.S. Department of Agriculture. : ; 
2 Gradation percentages are based on the fraction passing the No. 4 sieve, the same fraction used in the compaction test. 
8’ AASHO Road Test embankment; test data are average valucs of a cooperative materials testing program reported by Shook and Fang (/2). 
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FINENESS AVERAGE 
Figure 11.—Relation of maximum dry 
density to plastic limit and fineness 


average, analysis No. 8. 


selected to show how closely a regression 
formula would fit actual test results when the 
soils were from a relatively small area, where 
a restricted range of soil formation processes 
might exist. The actual optimum moisture 
contents ranged from 12 to 34 percent. The 
standard error of estimate was +1.13 percent 
moisture. 

@In regression analyses Nos. 6 through 9, 
the relationship of maximum dry density to 
several independent variables was investigated. 
In analysis No. 6, three independent variables 
that had appeared to be most closely related 
to maximum density during the examination 
of simple relationships were involved; these 
three were liquid limit, plastic limit, and 
fineness average. The data were used directly 
in the analysis without adjustment. The 
standard error of estimate was +4.44 p.c.f. 

@In analysis No. 7, maximum dry density 
was related to all of the independent variables 
in the sixth analysis and to optimum moisture 
content, which was known from the first 
Public Roads study to have a very good cor- 
relation with maximum dry density. All of 
the data were logarithmically transformed 
and adjusted where necessary. The standard 
error of estimate for this analysis was +2.52 
p.Git. 
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0.074 


0.020 


Percent | Percent 
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0.001 
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Percent | Percent 


Table 7.—Comparison of methods for predicting optimum moisture content 












Soil sample 1 
Test 2 


Optimum moisture content 


LL 





PCG. 
AASEO embankment 2555s. se= sense eee 14 
(GO2GDIGH Se ee ee ee en 14 
Portieut: Soe eee ees 16 
WESNLOT 2 Sk SR ee ee ee 17 
Grensd as. t = ee ee eee eee 18 











1 Description and basic data are given in table 6. 
2 Determined by AASHO Designation: T 99-57, Method A. 
3 Extrapolated. 

4 Beyond limits of predicting chart, figure 1. 
5 Insufficient data. 
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Table 8.—Comparison of methods for predicting maximum dry density 
















Soil sample ! 








Test 2 
PAWNS Ha ROW sak of: Val aaater hee oe Oe Bae Ee age 119 
Gorebic 4 ee ee eee == a ee 109 
IPOTtneUT Ss 2. ses ee, ek Fe ee ee ee 107 
IM SiO =). oe ae eee ee a ee oe 8 109 
Grenage... eos pee aan Soe tt BR eee eee eee 106 
Siilield at 2 Se ee eee oes 107 
Mohave £:-2:- 82 25 2 sone See et eee cae, 109 
Oscilss: Us ee Be are ee ee ee eee es 100 
Winterset: f= 2 ne Se ae ee ee ee) oe ee oe ee 94 
Davidson: 44 se 4) 2. beh ws eee 89 





1 Description and basic data given in table 6. 
2 Determined by AASHO Designation: T 99-57, Method A. 





@In analysis No. 8, maximum dry density 
was related to plastic limit and to fineness 


average, the number of 
duced to simplify the predicting equation 


variables being re- 


Although the number of variables was reduced 


from that used in analysis No. 6, the accuracy 


, 


was slightly improved, probably because of the 


logarithmic transformations, 
error of estimate was +4.32 p.c.f. 


was: 


PL and 
FA 








PCat, 
114 
112 
112 
106 
106 


log M.D.D.=7.247— 


0.567 log (PL+20)—0.110 log FA....( 
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Maximum dry density 


Predicted by— 


Davidson 
and 
Gardiner 
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The standar 


The pre 
dicting formula developed in analysis No. 
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In figure 11, developed from this formula, 
maximum dry densities are shown for the 
range of plastic limits and fineness averages 
studied. 

@Analysis No. 9 was performed in the same 
manner as No. 8 except that the data were 
limited to the 40 samples from Loudon Co., 
Tenn., for which the maximum dry densities 
ranged from 83 to 119 p.c.f. The standard 
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DEVIATION FROM TEST VALUE OF OPTIMUM MOISTURE CONTENT 
PERCENT MOISTURE 


Figure 12.—Distribution of deviations of predicted optimum moisture contents, which was 
determined by the LL and PL method, from test results. 


error of estimate was + 2.98 p.c.f., which was 
smaller than that of analysis No. 8 and re- 
flected the reduction in number of soil varie- 
ties. 


Regression analyses summarized 


To summarize the results of the regression 
analyses, the standard errors of estimate 
listed in table 4 showed that the two formulas 


Table 9.—Comparison of actual ! optimum moisture contents and maximum dry densities 
with those estimated by figures 9 and 11, respectively, based on plastic limit and fineness 
average for soils from Alaska and outside the United States 





























Soil Optimum moisture content Maximum dry density 
| 
Location Kind Actual Esti- Devia- | Actual Esti- Devia- 
mated tion | mated tion 
Percent | Percent | Percent Pet. PCr TEM eh 
Alajuela, Costa Rica__----------- Waperiiiesses.—.4-. 41 | 32 -9 77 87 +10 
PBeePOMaS CoA AL coe -— =e _} oso. LOSS Serer oe 29 32 +3 88 85 | —3 
“Year five * URES Gp ae eg) ae ek ojen eae, GE cae 20 | 21 I. el | 107 96 —I1 
91, 2 Lee ae ae ae Ee (Vieng, se ban til i ie eee 12 Onn |e 126 120 —6 
(OOS oS a eee dose ¥ Ses... 15 14 —1 117 112 —5 
| | | | 
Addis Ababa, Ethiopia__________ Black Cotton ____- 300 ly a 88. ee 80) les «80 0 
BencinkwAlaska<.2- 2 -¢!.2- Silty alluvium ___- 20 21 +1 | 103 | 98 —5 
i Gennes -? Wen Ome een D4 ror a7 9 | 93 —2 
Peete: ose fe YS fT LORE eee ees 335 by 30 —3 80 84 4 
Kenai-Kasilof, Alaska.__.._______|____- douse. =a 10 9 —1 Hae 131 | 130 -1 
eer tea ts ee SS donee ae es | 14 15 +1 118 | 114 —4 
Inte. eS ee ee doe = = 13 12 a re) ee ey a 0) =—4 
| 
Rrpuonunedeviatlons. 22.2.) 2.2.2 =--2-2- | oe ee eee 23 eee eee ee 55 











1 Determined by AASHO Designation: T 99-57, Method A. 


developed for Loudon Co., Tenn., in analyses 
Nos. 5 and 9, fit the data much better than the 
corresponding formulas developed in analyses 
Nos. 1, 2, 3, 4, 6, and 8 for several States. 
Analysis 7 included the test optimum moisture 
content as an independent variable and, 
therefore, should not be considered with the 
other eight analyses. The standard 
of estimate of the Loudon County formulas 
were 1.1 percent moisture and 3.0 p.c.f. for 
optimum moisture content and maximum dry 
density, respectively. To show the relative 
magnitude of these standard errors of esti- 
mate, they may be compared to the averages 
of the test results examined. The standard 
error of 1.1 percent moisture was 5.3 percent 


errors 





ai! 
(S593 100-88 Jor the average optimum 


moisture content (20.94); the standard error 
of 3.0 p.c.f. density was 2.9 percent 


3.0 
— < 100=2.9 Jof the average maximum 
102.3 


dry density (102.30). 


The standard errors of estimate of the for- 
mulas developed in analyses Nos. 1, 2, 3, 4, 6, 
and 8 for all the samples were approximately 
2 percent moisture and 4.4 p.c.f. density. In 
terms of the average optimum moisture con- 
tent and maximum dry density, 18.75 percent 
and 105.28 p.c.f. respectively, these standard 
errors of estimates were 10.7 and 4.2 percent. 
It is possible that combinations of the in- 
dependent variables different from those used 
in this study could result in better correla- 
tions; only those combinations given in table 
4 were analyzed. The selections of variables 
were based mainly on the data shown in 
table 3 and on the partial correlation coeffi- 
cients developed in the analyses. 


Comparison of Predicting Methods 


Optimum moisture content 


To test the formula from analysis No. 4 
(see fig. 9) for predicting optimum moisture 
content from plastic limit and fineness average, 
data for 10 soils that varied considerably in 
characteristics and that were from widely 


Table 10.—Simple correlation coefficients between pairs of variables used in analyses Nos. | and 3 for optimum moisture content 


VARIARLES—ANALYSIS NO. 1 









































O.M.C. LL | PL ED D’s0 FA 0.001 
ees = wil Ea = eae Pale = —s 
DAC) eS a i TOOT ee a eee ee ees: ene eee See 1 P| RIA ee a PRE co kicettet (90S. in eee 
a ee 0. 87 1. 00 [Fig Ee Sa Ne aes DEN RES ee ee a Zee Or ie ed a 
la eee 0.91 0). 84 100}, i Sea, Bile eee eG Le gure rte Tt aa wee tee ae ieee 4 act 
ure Pe ee 0. 72 0.95 0. 62 1,00) Fe | ee eee ey a eae ie ee es Tat 
Sin. Woo ee 0). 47 0. 45 0.35 0. 45 aga naiey te EER ED) aa RCE 
se ky See a Re 0.75 0.77 | 0). 64 0. 74 0.73 1. 00 | Gabe EEDA rare 
ODL a Sn ee 0. 76 0. 90 0. 66 0. 91 0. 50 0. 84 1. 00 
VARIABLES—ANALYSIS NO. 3 
aos ae 4 — = eke od 2a 
| > Log (D’s0) Log (FA+100 Log (0.001 fract. 
5 g | wg PL Log (PI+15 (2) 50) og (FA+100) og (0.00 
Log O.M.C. Log LL Log E (PI+15) a | Cay 
a = ' 
OC TOO ie || Nps aA le al ae cae et AD ee ae a i a Bs as ee |e on ee 
SL. eee 0.89 TOU Me a ee ae ee ee Bereenee eee ye eerie ae | ---a-cnaneeeeee | ceccceeneeeeooe 
- - »s ae 0. 90 0.83 1. - aaa gered | Jade EE bis het Mast JO 25 haa heatae 
1 TE A! ie ie 0. 74 0. 94 C1 (eee teense 
DY a 0. 76 0. 82 | 0. 63 0. 81 TOO sg Sek | ete Ack |B. ae ame 8 
100 | ; “ ; 
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separated geographical areas were selected 
from the files. These data are given in table 6. 
The predicted and test optimum moisture 
contents are shown in table 7, as are the 
optimum moisture contents predicted by the 
first Public Roads study (PL and LL) and by 
methods developed by Jumikis (2), Turnbull 
(6, 7), Davidson and Gardiner (4), and Rowan 
and Graham (3). The results indicated that 
the PL and FA method is a slightly better 
predictor than the PL and LL method. The 
other four methods are at a disadvantage in 
this type of comparison because they were 
developed for a more limited range of soil 
types (origin). Some predictions by each 
method were quite accurate. 


Maximum dry density 


To test the formula from analysis No. 8 
fig. 11) for predicting maximum dry 
density from plastic limit and fineness average, 
data for the 10 soils described in table 6 again 
were used. The actual and predicted maxi- 
mum dry densities are shown in table 8. 
This summary also shows the densities pre- 
dicted by use of the Public Roads method 
from the first study (PL and LL) and by 
methods proposed by Davidson and Gardiner 
(5) and by Rowan and Graham (8). The 
densities predicted on the basis of plastic 
limit and fineness average were generally 
closer to the actual maximum dry densities, 
although for a few soils one of the other 
methods provided a closer estimate. 

Another test of the formulas from analyses 
4 and 8 was made using data from Alaska and 
areas outside the continental United States. 


(see 


The comparisons of estimated and actual 
test optimum moisture contents and maxi- 


mum dry densities are given in table 9. The 
soils used in this test were the same, except 
for the Hawaiian soils, as those used in the 
first Public Roads study to evaluate the PL 
and LL method (table 2). Estimates for the 
Hawaiian soils could not be made because the 
grain-size analyses were not available. The 
sums of the deviations shown in table 9 are 
23 percent moisture and 55 p.c.f. density, 
and they represent about half of the corre- 
sponding sum of deviations resulting from the 
estimates made with the methods developed 
in the first study. 


Supplemental Infermation 


To determine whether the deviations of 
the predicted optimum moisture contents 
from the actual optimum moisture contents 
have a normal distribution, the deviations 
listed in table 1 were plotted in figure 12. 
The resultant curve closely approximates a 
standard normal distribution curve; this is 
evidence that the standard error of estimate 
is a reasonable measure of the accuracy of 
the predicting methods. Simple correlation 
coefficients between pairs of variables used in 
analyses Nos. 1, 3, 6, and 7 are given in tables 
10 and 11; the larger the coefficient, the better 
the correlation, 1.00 being perfect. 


Table 11.—Simple correlation coefficients between pairs of variables used in analyses Nos 
6 and 7 for maximum dry density 






































VARIABLES—ANALYSIS NO. 6 
M.D.D. we | PL | FA 
| 
MD) Dae age eee coe ae L00f SAA ee ye eee | ey OR ee ee 6. | ol ee 
jee 2 ee ee ee 0. 81 1. 00 | a ar | eee ery aa eS 
Bn ee eee eg sc ee 0.89 0. 84 1.00 "0 4) ee eA ee 
BA a tee a ed, oe 0.70 0.77 | 0. 64 | 1.00 
| 
VARIABLES—ANALYSIS NO. 7 
Log M.D.D. Log Log LL Log (PL+20) Log FA 
(O.M.C.+15) 
Loge Dept aene eee oe es 100% Se! ip eee I a eee ae ee 
Loei(OiMMe@= Pipers ae ee 0. 97 L200 = s “SA eee So ee || ee eee 
Dey Bi bee oat ete ee eS 0.81 0.89 ADO Sp ie aoe eee 
EO8, Ce bar 20) soe eee ee es 0. 90 0. 90 0. 83 1.00 
Og AAS ee eee ee ed 0. 67 0. 74 0.75 0. 61 





Tabulation Available 


The test data used in the multiple linear 
regression analyses have been tabulated and 
are available to other researchers who would 
like to make additional studies of the data. 
This eight-page tabulation is available from 
the Chief, Physical Research Division, Bureau 
of Public Roads, U.S. Department of Com- 
merce, Washington 25, D.C. In addition to 
the basic classification and compaction test 
data for 527 soils, the tabulation lists the 
location from which each soil was sampled, 
the soil series name, the soil type or textural 
classification of the ‘‘A” horizon, and the 
horizon actually sampled. 
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Two additional analyses have been made to 
check the chart, figure 4, developed in the 
first Public Roads study. 
vided the following equations: 

M.D.D.=139.2338—0.1344 LL—1.185 PL 
O.M.C.=0.8151+ 0.1358 LL—0.5290 PL 


The analyses pro- 


APPENDIX I 


Computer Curves for the PL and LL 
Analyses 


The standard errors of estimate were 4.69 
p.c.f. for maximum dry density and 2.15 
percent for optimum moisture content. 

The charts developed from the two equa- 
tions are given in figures 13 and 14. The 
curves were drawn within the range of the 


data examined. A comparison of these new 


LIQUID LIMIT 
20 30 40 50 60 


curves with those given in figure 4 shows 
that the new curves generally have the same 
slope and spacing as the left-hand, straight- 
line portions of the old curves and_ that, 
for soils with maximum dry densities greater 


than 100 p.e.f., the curves almost coincide. 
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me) Figure 13.—Relation of optimum moisture content to plastic limit and liquid limit. 
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Figure 14.—Relation of maximum dry density 
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Comparison of Properties of Coal-Moditied 
Tar Binder, Tar, and Asphalt Cement 


BY THE PHYSICAL RESEARCH DIVISION 


BUREAU OF PUBLIC ROADS 


Reported! by WOODROW J. HALSTEAD, Supervisory Chemist, 


ROBERT E. OLSEN, Highway Research Engineer 


This article presents information on a study conducted to determine whether 
a newly developed product, coal-modified tar binder, could be used in the same 


manner as asphalt cement for a binder in pavement construction. 


Results of 


the laboratory study of the properties of this binder, a material produced by 
the high-temperature digestion of finely divided coal in tar and high boiling 


tar oils, are given. 


Also discussed is the comparison made of the coal-modified 


binder’s properties and those of an ordinary tar pitch, RT-12 tar, and 85-100 


penetration grade asphalt cement. 


Properties of laboratory mixtures contain- 


ing each of the three binders also were compared. 


This study indicated that coal-digestion increased the tar’s resistance to 
hardening and apparently made it somewhat less brittle than an ordinary 


tar pitch. 


The improvements in these properties were not considered sufficient 


to warrant considering the coal-modified tar binder as a substitute for asphalt 


cement. 


Immersion-compression tests indicated that mixtures made with the 


coal-modified tar binder had greater resistance to deterioration from water than 
similar mixtures made with asphalt cement. 

On the basis of this work, it is suggested that the coal-modified tar binder 
be considered as an improved tar and that it be used under the same conditions 
and for the same general purposes as unmodified tars. 


Introduction 


sre maap nae interest was aroused 
when the Curtiss-Wright Corp. announced 
the development of a new coal-based road 
binder as the result of a research program 
that had been conducted in an effort to find 
new uses for coal and coal products. The 
great interest in this material by groups in 
several States, especially those seeking ways 
to use more coal in distressed, coal-producing 
areas, and the potential effect of such a binder 
on the national highway program prompted 
the Bureau of Public Roads to consider this 
development carefully. This article summa- 
rizes the results of the tests made and the 


findings of Public Roads this 


concerning 
material, 
The basic principle used in the preparation 
of the new binder is the simultaneous digestion 
1 Presented at the 41st annual meeting, Highway Research 
Board, Washington, D.C., January 1962. 
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of powdered coal in coal tar and tar oils at a 
temperature of 500° to 600° F. It was 
claimed that, by adjusting the proportions of 
tar, tar oils, and coal, binders could be pre- 
pared covering the same penetration range as 
asphalt cements. It was the intent of the 
developer that the modified binders would be 
used in the same manner as asphalt cements 
in hot plant mixtures. 

The digestion of powdered coal in tars and 
pitch has been used for a number of years in 
pipeline coatings and in pitches for steep, 
built-up roofs. No previous attempt has 
been made in this country to use this prin- 
ciple in the manufacture of a binder for 
pavements, but studies of the effects of pow- 
dered coal on the properties of road tar have 
been conducted recently in South Africa (1).? 
The details of the manufacture of the coal- 
modified tar binder and background informa- 


2 References indicated by italic numbers in parentheses 
are listed on page 95. 


EDWARD R. OGLIO, Chemist, and | 


tion concerning its development are discussed | 
in a report issued Dee. 30, 1960, by the Curtiss- 
Wright Corp., Research Division (2), and the 
description of the construction and perform-| 
ance of the first experimental pavements built. 
with the new binder is given in two reports 
by the Kentucky Department of Highways 
(3, 4). 

Through the courtesy of the Curtiss-Wright 
Corp. and the Kentucky Department of High- 
ways, samples of the coal-modified tar binder 
and various materials were obtained for this 
study. Laboratory studies were conducted to 
determine the physical properties of the new. 
binder and to compare these properties with 
the properties of ordinary tar and of asphalt 
cement. Two series of tests were made: Ir 
the first, a sample of the coal-modified tai 
binder obtained directly from the Curtiss: 
Wright Corp. was compared with a water 
proofing tar pitch. In the second, tests wer 
made to compare the coal-modified tar binder | 
the base tar, RT—12, and the asphalt cemen 
used in one of the experimental pavemen 
sections constructed in Kentucky. | 


Summary and Conclusions 


These comparative tests showed that th 
coal digestion and the addition of high boilin 
tar oils, employed in the manufacture of th_ 
coal-modified tar binder, reduced the viscosity 
temperature susceptibility of the tar and mac 
it somewhat more resistant to hardening ¢ 
high temperatures. However, comparison 
this binder with asphalt of a similar softenir” 
point (85-100 penetration grade) showed thi - 
the coal-modified tar binder retained chara — 
teristics more nearly equal to those of the ti 
than those of the asphalt. In particular, tl 
volatile loss and hardening in heat tests of t] 
two tar products were about the same, bo 
these heat tests results were significantly d~ 
ferent from the results of similar tests | 
asphalts. At all test temperatures, stabilitiy 
as indicated by compressive strengths, f 
mixtures made with the coal-modified t? 
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inder were higher than stabilities of similar 
mixtures made with asphalt. However, the 
stabilities of the coal-modified tar binder 
obtained at low temperatures were such that a 
lack of flexibility and possible brittleness 
might be suspected. The subsequent behavior 
of the materials in the Kentucky experiments 
verified this brittleness and lack of flexibility. 

The results of this study, in general, showed 
that coal-modified tar binders, such as the 
Curtiss-Wright material, should be considered 
as an improved tar. It would be expected to 
perform better than unmodified tars in a num- 
ber of applications. However, it also was 
indicated that the precautions normally em- 
ployed when using tars should be employed 
when using this material and that an attempt 
should not be made to substitute coal-modified 
tar binder for penetration grade asphalts. 


Comparison of a Modified Tar Binder 
with a Tar Pitch 


In the first series of tests, the properties of 
the coal-modified tar binder were compared to 
ii) the properties of a tar pitch meeting an 
AASHO specification, Standard Specification 
for Coal-Tar Pitch for Roofing, Dampproofing, 
| and Waterproofing, AASHO Designation: M— 
118, Type B. Table 1 gives the results of 
y these tests. The tar pitch used in these com- 
parisons was selected so as to have the same 
ig softening point as the modified binder. The 
penetration at 77° F. also was about the same 
for both materials. However, the absolute 
| viscosity results, determined at different tem- 
4) peratures by the Koppers vacuum-operated 
capillary tube viscometer (4) showed the coal- 
yi; modified tar binder to have a somewhat lower 
Mt: fey veroperature susceptibility. The vis- 
| |ecosity-temperature coefficient, as indicated 
|, |by the slope of the line obtained when log log 
yy Absolute viscosity in centipoises was plotted 
ye against log absolute temperature in degrees 
ye Rankine (° F. plus 459.7), was —4.71 for the 
ye coal-modified tar binder and —4.99 for the tar 
yy Pitch. Penetration tests made at different 
yy temperatures also indicated lower suscepti- 

‘bility for the coal-modified tar binder, the 

‘slope of the log penetration versus temperature 

curves being 0.0258 and 0.0427 for the coal- 

' modified tar binder and the tar pitch, 

‘respectively. 
+t. In the thin-film oven test (¢-in., five hours) 
ji) Tun at the standard temperature of 325° F. 
ji) (Standard Method for Thin-Film Oven Test, 
«sj AASHO Designation: T 179-60), both mate- 
w (Tials had very high losses and_ exhibited 
y /e¢xtreme hardening. As this temperature is 
ait higher than one that likely would be used for 
i) (Materials of this nature, tests were repeated 
j)/4t a temperature of 250° F. At this lower 
rT temperature, the coal-modified tar binder 
vel showed a greater resistance to hardening than 
,{ did the tar pitch. Impact resistance, as 
yf? | Measured by the height at which a one pound 
At steel ball produced fracture of a rigidly sup- 
(| Ported half-inch cube of material at the indi- 
«g /Cated test temperature, was greater for the 
it modified binder than for the tar pitch. 
. Except for ductility, the results of tests 
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Figure 1.—Viscosity-temperature relationships for binders used in Kentucky experimental 
project. 


made on the residues from the thin-film 
oven tests at 250° F. showed the same general 
trends as the results of tests on the original 
materials. No specific conclusions regarding 
comparable ductility can be drawn. The 
original ductility of the modified binder was 
higher at 77° F. than that of the tar pitch, 
but at 60° F. the reverse was true. At 
77° F., the 250° F. residue of the tar pitch 
was more ductile than the coal-modified tar 
binder even though it was harder, as judged 
by the penetration test. At 60° F., the tar 
pitch had no ductility compared to a ductility 


of 8 centimeters for the coal-modified tar 


binder. 

This series of tests confirmed the claim that 
the coal-modified tar binder has properties 
that are an improvement over those for tar 


pitch; they also indicated that further research 
was warranted to compare the properties of 
the new binder with asphalt cement and to 
determine the relative behavior of these 
two materials when used in paving mixtures. 


Comparison of Properties of Binders 


The second and more extensive series of tests 
was made on samples of materials used in the 
Kentucky experimental paving project 11 
(urban) located on U.S. 25 in London, Ky. 
The materials included the coal-modified tar 
binder, the RT-12 tar used as the base for 
the binder, the 85-100 penetration grade 
asphalt cement used in the control sections, 
the powdered coal, and the aggregate used in 
the mixtures. The properties of the three 
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Table 1.—Comparison of properties of coal-modified binder with tar pitch 
a a i ak cae a tt colt 
Coal-modified | Waterproofing 











tar binder pitch 
Softening point (R&B)--_--.---------- ie coe ae re eee eee ee ree che 117 a aad 
Specific gravity at 779/77° F__----- na. = oe nn nn en enn nna 1, 248 . 26' 
Sombility In C8322 ooo en rg ee er ee percent -_- 74.6 81.1 
Distillate to 572° F. (AASHO PRON = 3 Se Bee ie ee eee ae (alo pben 2.4 6.7 
S e viscosity, poises, at: 
OPE cs ee oie ee ee 1335 747 
iE edd yeas Set J ee eee eee ee iy ep eS ee a ae Te ae 594 310 
168° Fn cee e shen Sone Castes = ay cea ee en 160 
N67? hc ooo oa ce cn bea is ae cere wings ane eee ee eel at oe eee ee 130 80.1 
WF a Ue kee pe «pS a Ope Sioa HEURES? Te RS ie giicis 92. 7 
iy {ea ee es See ee Ee A Se er ey ee oP te ee 44.0 
Viscosity-temperature susceptibility 1 <2. 22 Soe ee eee ee een —4,71 —4. 99 
Penetration at: 
UC Eve BOO 05 1B: SOG 2a ns em teste ce Se ae cig ea 63 62 
J A as Ci se ey ae OS AS Oe ores a are 15 6 
89.2° F. ” 200 Y., 60 SCC. ..2-2--2 555-3 se ees ee en ee ee ee ee eee eee 23 11 
Penetration- temperature SUSCeDUIDINTY 22s oo ha ee a 0. 0258 0. 0427 
D lity, 5 cm./min., em., at: 
sa og Sones ass PME A | eed eel eee os a 
60° Fin ae iodo an oo ea tase obec seme oe ne ere ie ee 30 59 
Impact resistance,? inches to fracture, at: 
mapnet realatance,* inches to rare, eee ee ee on , 
60° If 2 i pe Se ee on a a a ee ee re ee ee 5 2 
Ba.6° Boek antes 5 ae oe a ee ee ee ee a eer es 5 2 
Thin-film tests at 325° F. (}4-in. film, 5 hrs.): 
L088. . .ac onan ese ek cece bens cee cee sete apap et ee ee ee ee eee percent_- 11.4 9.4 
Softening point of residier st oe eka eee ee a ee ee Ce 170 162 
Penetration-of residue, 100s. Sisec, at 772 eee ee eee eee 0 0 
Thin-film tests at 250° F. (44-in. film, 5 hrs.): 
JOSS 5 te eager percent_- 1.4 2.9 
Penetration of residue, at: 
TC Bie LOO 2. OOO Cement a ees Joma sheseutieuet civic ts ees sewe ae eee nee 27 15 
53.4° B00 2. 6 SOC Se = Sa Se ee ee ee ee eee 5 1 
39.2° F'., 200 :2., 60 Se@l.-. 255556 = 252 So 8 ee Se teense eda epee e tees 8 1 
Retained penetration’ atv/> i -seesn eee  C eee nee eee ee ee percent__ 43 24 
Penetration-temperature susceptibility 95 0 NG ee 9a dh Oe EE eas See 0. 0310 0. 0498 


Ductility, 5 cm./min., cm., at: 
770 





! Viscosity-temperature susceptibility = 
v=viscosity in centipoises. 
T=Temperature in degrees Rankine (° F.+-459.7). 


2 Penetration-temperature susceptibility = rat 
P,=Penetration at temperature f1. 
P2= Penetration at temperature te. 
t=temperature, degrees F. 

3 One pound steel ball on 44-inch cube, 


binders were determined to show their relative 
viscosity-temperature susceptibilities and their 
degree of hardening when heated. Com- 
parisons were made of the properties of labo- 
ratory mixtures prepared with each binder and 
the aggregate used in the Kentucky experi- 
ment. Comparisons also were made for 
mixtures of each of the three binders and 
other selected aggregates. 

Table 2 gives the results of the tests made 
on the binders. These include normally 
determined physical characteristics and abso- 
lute viscosities, in poises, at various tempera- 
tures ranging from about 60° F. to 350° F. 
To determine viscosities over this wide range 
of temperatures, three instruments were 
used: the Shell sliding plate microviscometer 
(6) at the lower temperature range of 60° F. 
to 115° F.; the Koppers vacuum-capillary 
viscometer in the intermediate temperature 
range of 115° F. to 200° F.; and the Saybolt 
furol viscometer, with conversions being made 
to absolute viscosity in the higher tempera- 
ture range of 200° F. to 350° F. 

Figure 1 shows the viscosity-temperature 
relations of the three binders used in the 
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Kentucky project. Although viscosity in 
poises and temperature in degrees Fahrenheit 
are indicated in the figure, these curves were 
obtained by plotting log log viscosity in centi- 
poises against log of absolute temperature in 
degrees Rankine. A good, straightline rela- 
tion is indicated by the data points for all the 
binders even though the viscosities were ob- 
tained by the different instruments. The 
difference in slope of the curves for the asphalt 
and the coal-modified tar binder is significant. 
The RT-12 tar had substantially lower vis- 
cosities for the same temperatures, but it was 
only slightly more susceptible to temperature 
than the coal-modified material. The calcu- 
lated slopes of these lines are: —4.78, — 4.38, 
and —3.51 for the tar, coal-modified tar binder, 
and the asphalt cement, respectively. 

Figure 2 shows the furol viscosities at vari- 
ous temperatures for the three binders. These 
curves were used to determine the various 
mixing temperatures for the studies of labora- 
tory mixtures to be discussed later. It should 
be noted that furol viscosity here is directly 
related to kinematic viscosity in stokes rather 
than to absolute viscosity in poises. The data 


points shown in these curves are the basis fc 
the absolute viscosities, in poises, given 
table 2 for the temperatures indicated. 


Resistance to hardening 


One of the claims of the developers, that 
coal-modified tar binder could be used in the 
same manner as asphalt cement in bituminous 
concrete construction, was of much interest 
because it is well known that ordinary tars are 
more volatile than asphalts and should not be 
subjected to the same high temperatures as 
asphalt during the production of hot paving 
mixtures. Because of this claim, the relativ 
resistance of these two binders to hardening 
when subjected to heat was of considerable 
interest. To compare this heat resistance, the 
thin-film oven test (%-in., 5 hours), which is 
commonly used as a specification test to evalu- 
ate the hardening characteristics of asphalt 
cements, was employed. Tests were made at 
temperatures ranging from 210° F. to 325° F, 
on the three binder materials. In addition, 
the oven-loss test (Standard Method of Test for 
Loss on Heating of Oil and Asphaltic Com- 
pounds, AASHO Designation: T 47-42) was 
made on the coal-modified tar binder and the 
asphalt cement. The results of these tests are 
given in table 3. F 

Figure 3 shows the comparison of the weight 
loss during the thin-film tests of the asphali 
cement, the coal-modified tar binder, and the 
RT-12 tar at the various test temperatures 
Although this particular asphalt cemen 
showed small gains in weight, most asphal 
cements of this grade have small weight losse; 
in this test. In the study of asphalt cement; 
recently conducted by Public Roads (7), thi 
highest loss shown by any of the 85-100 pene 
tration grade asphalts was 2.18 percent 
Eighty-seven percent of the 85-100 material 
in that investigation had losses of 0.5 percen 
or less. The coal-modified tar binder wa 
different from asphalts with respect to vola 
tility, as evidenced by its loss of 10 percent a 
325° F. The loss for the RT-12 tar was 1h) 
percent at 325° F.; thus, the results for th 
two tar materials generally were comparable 

Figure 4 illustrates the relative hardenin) 
characteristics of the three binders as measuret 
by the percent of original penetration retainec 
after the thin-film test at various test te 
peratures. The wide differences between th 
tar products and the asphalt again wa 
illustrated. Different asphalts, of course 
show different percentages of retained penetra. 
tion, but the percentage never would be a 
low as that shown by the tar products. Fe 
example, the asphalt showing the highest los 
encountered with 85-100 penetration grad 
materials, which was described in the pre 
ceding paragraph, had a retained penetratio 
of 33 percent. This is considerably highe 
than the 1 and 3 percent shown by the tw 
tar materials under the same conditions. 

Note that, although the hardening ¢ 
asphalt in the thin-film oven test has bee 
related to the hardening in an asphalt du iD 
mixing in a hot plant, no information * 
available concerning the relation of i 
hardening of tar materials in such tests to 
actual hardening occurring in the mixing an 
laying operations. Because of the relative] 
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arge amount of volatile matter in tar products, Table 2.—Test properties of Kentucky binders 
; is possible that the long time of oven 
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mphasize the fact that the coal-modified tar oh 0.0 0.0 we SET EY 
inder has properties different from those of reg TERM Wants ana 
sphalt and, therefore, it is not realistic to 95.7 | 7.2 ieee 
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onsider this material as an alternate to Soi 
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To further compare the behavior of the 49) pee I Ne ac re A Ma as are 
oal-modified tar binder, RT-12 tar, and a7. - BO |p cesanweannn= | -22--5---2-- 
Me et echo characteristics Of labora- |-. 180° P22... 2nd seen eee ne cece eeeeeeeeedeee=-f Sid OT | PER 
ory prepared mixtures made with each binder 





vere compared under several conditions. The 


I uve tlelavariouc Herloge: Of fi) _ 276° Fe. ..2. oe Blas osname cecscee |) Sa-cukewe eee 
yven aging and after various periods of Rye curren Cc mea oes 


mmersion in water were determined. 
Another series of stability tests, at different 








emperatures, was made to evaluate the effect 1 Solubility in carbon tetrachloride. 
. . . F >, on 
xf the previously observed differences in the ; Actual temperature, 180.8" F. 
5 : ; é r 3 Actual temperature, 195.9° F. 
iscosity-temperature relations of the binders. 4 Actual temperature, 211.7° F. 
Because of the relatively wide differences in 5 log log v2—log log v1 





the specific gravities of the three binders, all ee a 
v=viscosity in centipoises. 


of the laboratory mixtures prepared for the T=Absolute temperature in degrees Rankine (° F, + 459.7). 
various phases of this part of the study were 

Jesigned using equal volumes of binder per fae 
mit weight of aggregate (5.85 milliliters of 800 
yinder per 100 grams of aggregate). This 700 
was considered to provide a better basis for 600 
somparison than test mixtures prepared with 

percentages of binder on an equal weight 500 
asis. Because of the differences in tem- 400 
perature susceptibility, the mixing and mold- 
ing temperatures were controlled so that the 
furol viscosities of the binders were approxi- 
ately the same for each individual phase of 
the study. 

The aggregates for all of the mixtures were 





300 


200 


» temperatures. The binders were heated to 
, this mixing temperature just prior to the mix- 
, img with the preheated aggregates in a modified 
, Hobart mechanical mixer. The mixing period 
i as 2 minutes. Marshall specimens were 

prepared in a mechanical compactor with 50 


150 


100 





SAYBOLT FUROL VISCOSITY, SECONDS 





iF 

, blows of the hammer applied to each face of ae 

Fr the specimen. The specimens for the uncon- 80 

, fined compression test were molded by the 70 

; double-plunger method with a 3,000 p.s.i. 

| load held for 2 minutes. 60 

of 

t 50 

j Marshall Stability 

i T , ; 40 
o determine the effect of laboratory aging 


et | : 
"tests on the strength of mixtures as measured 


‘by Marshall stability, specimens were prepared 
' ‘with the three binders, as received. In 30 
addition, specimens were prepared with the 

RT-12 tar in which 10 percent of the tar was 

replaced by powdered coal, in order to obtain 25 
some measure of the filler effect of the 
powdered coal. As stated previously, all of 
‘the mixtures were proportioned with the 
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Figure 2.—Furol viscosity of binders at various temperatures. 
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Table 3.—Effect of oven exposure at various temperatures 














RT-12 tar Coal-modified | Asphalt cement 
tar binder 
Oven-loss test (AASHO T-47): 
Tea ee oe ee ea aie oe ce a a a ees percents.) (eh n see 2.36 0.02 
Penetration of residue at 77° I. 100'2., 6 Ses. c2ce-5 228 oS ee re 40 80 
Retained penetration ...-.--22_=- 25. --2 2. ee DerCent==)| "seas =a eeoe ok 56 65 
Thin-film tests (44 in. film, 5 hrs.): 
AL 210" Has 
i Was eee = Ae PN a Se ie ae Bie 1 percent_- 1. 46 1.05 +0.08 
Penetration of residue, at 77° F., 100 g., 5 sec__---..-----_---_--- 128 50 79 
Retained penetration: -.---._ 2--_ 2. Sees eee percent__ 54 70 86 
Ductility at 77° Hao ce Der Was ene eae emi 73 46 228 
Softening pointate. 2-2 ee oe ee ee ee degrees F_- 103 121 119 
At 250° F.: 
T5088 oon 8 ee oe Se en ee eee 1 percent_-_ 3. 60 2. 68 +0. 23 
Penetration of residueat 77° F.,, 100i2.;\0/SeC2--2 22-2 2e- oan ae 71 31 75 
Retained penetrationi=-2 3. <~---e oe tenon eae ee percent__ 30 44 82 
Ductiity at.77°B.; bem. per Milne 22s kor ee eee a cine 151 42 239 
Softening point=st 2-2 = = 2 ees ee a neers degrees F__ 114 129 121 
At 275° F.: 
1. ee ee ee eye ae ae Be eer oy se Op pi es 1 percent_- 5. 67 4.47 +0. 25 
Penetration of residue at 77° F., 100 2., 5 sec__-..-_--_---_-2- 2 41 18 68 
Retained penetration 22-22 oe een eee eee percent... 17 25 74 
Ductility at 77ers 6.0m. Perio ea 5. ese ee cm... 75 27 230 
Sottening pomt.w0 2 eee oo eee eo ae degrees F_- 122 137 122 
At S257 Ee: 
LOS8 22. 2. Seace Jceep ees aot ene ee noe ee ae 1 percent_- 11.35 9.98 +0. 11 
Penetration of residue at. 77°-W.,-100's.,5)SeGis2- ea nee a= ate 3 2 60 
Retained penetration 22s. <0 yo skeen cane een eee percent__ 1 3 65 
Ductilityiat: 77° 161 Cm = per mins sea eee ee ee 1 (2) 247 
Softening point —<--- 2s eee 8 eee een oe degrees F__ 150 164 126 














1 The + sign indicates gain in weight. 
2 Not run, specimen could not be prepared properly. 


binder on an equal volume basis and were 
mixed and molded at an approximately equal 
furol viscosity. After molding, one group of 
specimens was tested immediately and the 
balance was aged in an oven at a temperature 


LOSS IN THIN FILM TEST, PERCENT BY WEIGHT 


250 
TEMPE 





of 140° F. for periods ranging from 1 to 30 
days. After each aging period, Marshall 
stability was determined at a temperature of 
140° F. The stabilities obtained, along with 
pertinent information on proportioning and 


ASPHALT CEMENT 
(Gained Weight) 


270 290 
POR eee i 


310 330 


Figure 3.—Weight loss in thin-film test at various temperatures. 


92 


mixing, are given in table 4. The effect a 
aging, illustrated in figure 5, shows that th 
stability for all materials increased with agin, 
in the oven, and that the increase in stabilit: 
for the coal-modified tar binder was sig 


| 
. 























ri 
| 
nificantly greater than that obtained wi r 
either the asphalt or the RT-12 tar. 

The previous oven-loss tests had indicated | 
that the RT-12 tar had slightly 
volatility than the coal-modified tar binder 
and, therefore, a somewhat greater increase in 
stability would be expected for the RT-12 
mixture if such an increase were attributed 
to volatility alone. Also, if the effect of the 
powered coal were primarily a mechanical 
effect of increased fine material, the stabilities 
of the RT-12 tar mixtures to which the 
powdered coal had beeen added would be 
expected to more nearly equal those obtained 
with the mixtures of coal-modified tar binder 
than the stabilities of the RT-12 mixtures, 
However, as can be seen, the data did not 
support such suppositions. Although the 
mixtures containing the powdered coal did 
have higher stabilities for the same conditions, 
this increase in stability accounted for only 
avery small proportion of the total increase 
in stability shown by the coal-modified tar 
binder These results indicated 
that some factor, such as the development 
of internal structure, contributes to a consider- 
ably greater increase in the stability of the 
coal-modified tar binder than can be accounted 
for by the increase in viscosity caused by loss 
of volatile matter or by the effect of coal as 
a filler. 


mixtures. 


Effect of aging 


To further explore the relative tendency 
of the three binders to exhibit a difference 
in characteristics upon aging, a special series} 
of viscosity tests was conducted, as follows. 

Sliding plate viscosity specimens were pre- 
pared in the usual manner for viscosity deter-. 
mination with the microviscometer, and the 
initial viscosity was determined at 77° F 
within 15 minutes after preparation of the 
specimens had been completed. The sides o! 
the glass plates then were taped with a nonper 
meable plastic tape to minimize volatile losses 
and the specimens were placed in an oven al 
a temperature of 110° F. Absolute viscosity) 
determinations at 77° F. were made on the 
same specimen after periods of 1, 5, 8, and li 
days. Immediately after the viscosity deter 
mination on the 13th day, the specimens wert 
heated above their softening points to a tem 
perature of 150° F. and the viscosity at 77 
F. was redetermined. This procedure wa 
used to obtain a measure of the nonpermanen 
hardening that had occurred. Results 0 
these tests are given in table 5 and are show) 
graphically in figure 6. The vertical compo 
nents of the lines in the figures at the 13-da 
period indicate the change in viscosity tha 
occurred after the specimens were heated. — 

‘ 
| 
I 





Although there are some inconsistencies i 
the data, viscosity of all three binders in 
creased during oven aging. For the RT-l 
tar, the viscosity increased when the specime 
was heated above its softening point after 1 
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ays of aging. Thus any possible develop- 
ment of structure or reversible hardening was 
masked by a permanent hardening, which 
probably was caused by an unavoidable loss 
of volatile matter. However, for both the 
asphalt cement and the coal-modified tar 
jbinder, viscosity at 77° F. decreased signifi- 
Ieantly after heating of the specimens to a 
‘temperature above the softening point and 
jrecooling. This decrease amounted to approxi- 
imately 64 percent of the total increase for the 
‘eoal-modified tar binder and to approximately 
22 percent of the increase for the asphalt 
cement. 

The tendency for bituminous materials to 
exhibit such hardening through the develop- 
ment of internal structure with time is well- 
recognized. Lee and Dickinson (8) attributed 
this phenomenon in tars to the possible erystal- 
ization of constituents or to a change in degree 
of the dispersion of colloidal constituents. 
Brown, Sparks, and Smith (9) in discussing 
this phenomenon in asphalts attributed it to 
“" . . internal physical reorientation and re- 
organization at the atomic, molecular, and 
micelle levels, of the components of the as- 
phalt.”’ Although this study was not conclu- 
ive, the results of oven-aging tests on both 
the mixtures and binders indicate that the 
oal-modified tar binder may exhibit the tend- 
ency to develop structural hardening to a 
much greater extent than either an ordinary 
tar or an asphalt. The effect of this phenom- 
enon on the behavior of the materials in pave- 
ments should be considered in any further 
research on such materials. 


Effect of Water on Compressive 
Strength 


An important property of a bituminous 
mix is its ability to resist loss of strength in 
the presence of water. To show this charac- 
teristic, immersion-compression tests were 
made using two types of aggregate, a quartz- 
ite and a granite, both of which were rela- 
tively sensitive to water, as had been shown 
by previous Public Roads studies. Each of 
the aggregates was crushed and then recom- 
bined to the same grading as that of the aggre- 
* gate obtained from the experimental project 
» in London, Ky. Only the coal-modified tar 
» and asphalt binders were used in this phase 
of the study. 

Table 6 gives the results of compressive 
strength tests on the specimens before im- 
y »mersion and after immersion in water at 120° 
« \F. for periods up to 18 days. The retained 
; strengths and percentages of swell after each 
+ period also are given along with information 
w concerning the mixture composition and 
« j/mixing temperatures. 

The results of the compressive strength test 
at 77° F. and the percent of retained strength 
after various periods of immersion are plotted 
in figure 7. These results show that the modi- 
fied tar binder had higher initial strengths than 
» the asphalt cement with each aggregate. The 
percentages of retained strengths were also 
ioe higher for specimens of each of the mixtures 
Containing the coal-modified tar binder than 
for the comparable specimens containing 
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Table 4.—Effect of oven aging at 140° F. on Marshall stability 


RT-12 
+ fied tar 
binder 


| 
Coal modi- | 





Specific gravity of binder at 77°/77° F 
Weight of binder per 100 g. of aggregate [ea 
Volume of binder per 100 g. of aggregate... ssts—S—S ml__ 


Mixing temperature 2 bal cp | 
see, stability at 140° F. after aging in oven at 140° F. 
or: 
GEN Ge SIS Re EL ih ARS Bie a te, 5 pounds_- 
ge ss) ES ae a Oe AS ae os ree as a Seta ae a doe~ 
3 days 


AG .225} 
BO OS VSia see See a me ee Se eRe kl) Neen au ee a doELe= 





180 
243 
311 
571 





532 
817 
1, 334 


2, 569 





1. 267 
z 





' Ten percent by weight of the tar was replaced by powdered coal used in manufacturing coal-modified binder. 


* Mixing temperature was adjusted to give 
3 Average of 4 specimens. 
Sieve size: 


: 1 in, 
Percent passing: 


100 


No. 4 


72 


3¢ in. 
98 


No. 10 
47 


No. 20 
34 


No. 40 No. 80 
17 3 


Table 5.—Increase in viscosity with time of 
oven aging at 110° F. 


Aging 


Viscosity at 77° 


F. 





period ! 
RT-=12 tar 
tar binder 


Coal-modified 


Asphalt 
cement 





Poises 
163X103 
1 380 
5 392 
8 609 
921 
1, 050 


Poises 
1. 890103 
2,690 
2, 830 
4, 220 
6, 770 
3, 660 


Days 
0 


13 








1, 520 
1, 870 
1, 840 
2, 480 
2, 210 








1 Sealed specimens aged in oven at 110° F. 


* Specimens heated to 150° F. after 13-day 


and viscosity determination repeated. 


Poises 
1, 230103 


determination 


Asphalt 
cement 





approximate equal viscosity for all binders (120 Saybolt furol seconds). 
Aggregate was same as that used in Kentucky experiment and was graded, as follows: 


No. 200 


Table 6.—Effect of immersion in water at 120° F. on compressive strength 


l.4 














Weight of binder per 100 g. aggregate._......____._____________-- ge. 
Volume of binder per 100 g, aggregate_...__________._.________. ml__ 
LIXIN COM DOLaulvOws tee eae Ree ae ee a OM oe 
Compressive strength before immersion 3_____ Oe ie ee p.s.i_-| 


Results 3 after 4 days of immersion: 


Compressive strenct heals. ese fe ee ee Tse 

Reteinedistrenetiss= = see. 2c. koe oe ee ee percent__ 

Poh e:\ leg gs COR ee ee eS Ses as ae ee 5 a Goses— 
Results 3 after 11 days of immersion: 

Gompress ye Strano ties. eae ee ee ee eee eee DiS.les 

Retaltied strengi pieces cote ee 2 eee percent__ 

Sie De aaa sc oer a ne ee ee de Sn re Be dozzes 


Results 3 after 18 days of immersion: 
Compressive: Strengtn oes 1-4 4 eee ee ee ae Dsus 
Retained Strengths seas 


_-2-=-~percent | 




















Quartzite ! Granite ! 
Coal- Asphalt Coal- Asphalt 
modified cement modified cement 
tar binder tar binder 
7.41 5. 96 7.41 5.96 
5. 85 5. 85 5. 85 5, 85 
240 300 240 300 
258 161 363 257 
223 100 237 163 
86 66 65 63 
OL 0.5 1.0 1.0 
239 93 212 131 
93 62 58 51 
0.2 0.8 1.3 1.5 
237 84 209 129 
92 56 58 50 





1 Gradation of both mixtures was as follows: a" 
Sieve size: ¥ in, 3 in, 
Percent passing: 


No. 4 


72 


No. 10 
47 


No. 40 No, 80 


V7 


No, 200 


2 Mixing temperature was adjusted to give approximate equal binder viscosity (120-150 Saybolt furol seconds), 
3 All results based on average for three test cylinders, 4 inches in diameter and 4 inches high, tested at 77° F. 


Table 7.—Variation of compressive strength with test temperature 


1,4 





RT-12 tar 





Specific gravity of binder at 77°/77° Wo ---- = 2-2. ae ee 


Weightotbinder peri00:2.ageregatelsc2 aa. see eres seeks g_. 
Volume of binder per 100 g. aggregate__-...__.-_-_-.-.----.---- --ml_- 
Mixine famperature ts. 2 c-s_25- 2 = eee . Vee 
Compressive strength,? p.s.i., at: 
OSHS ee eee oe ene ee Bee ee ee ae ee ae 
SGC eeeee mnie Se Soe een pe ree Se eee eee Ue ee eaten 
Poe eas a os eee ee ee oe ae ena nw cee 
TOO Gee eee Se a re ee ee ee ooo eee ee 





bo 

bo 
Cone 
COP to 
aon 
cr 


5, 197 
1, 503 
220) 
86 


Coal-modified 
tar binder 


| Asphalt cement 





236 








1 Mixing temperature was adjusted to give approximately equal viscosities for all binders (70-100 sec.), 


2 Each result represents the average for three tests on cylinders, 3 inches in diameter and 3 inches high, 


As 
5. 


co 
Ne 
San 


2, 568 
912 
291 
143 


019 
96 
85 


Aggregate was 


composed of 58 percent crushed granite (14 in. to No. 10); 37 percent river sand (passing No, 10); and 5 percent lime- 


Gradation was, as follows: | 
¥ in, 3g in, 
100 90 


stone dust. 
Sieve size: 


No. No. 10 
4 1 
Percent passing: 2 


57 42 


No. 20 


23 


No. 40 No, 80 
20 7 


No, 


200 
§.2 


93 








Figure 4,—Resistance to hardening at various test temperatures (4-in. film, 5 hours). 
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Figure 5.—Increase in Marshall stability during time of aging in oven. 
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asphalt and the same aggregate. Although 
the results for the mixtures made with quartz- 


ite aggregate and coal-modified tar binder ‘ 


were somewhat erratic, the strengths at 4 days 
being less than those at 12 and 18 days, these 
mixtures appeared to have been affected very 
little by water. 


Effect of Temperature on Unconfined 
Compressive Strength 


Because of the differences in viscosity- 
temperature susceptibility of the coal-modified 


tar binder, RT-12 tar, and asphalt binders, ~ 


the relative change in stability with tempera- 
ture was of interest. For this series of tests, 
compressive strength cylinders, 3 inches in 
diameter and 3 inches high, were used. As 
with the other test series, the binders were 
added on an equal volume basis and the 
mixtures were prepared at equal furol vis- 
cosities. The aggregate for this series of tests 
consisted of crushed granite as the coarse 
aggregate, river sand as the fine aggregate, 
and limestone dust as the mineral filler. The 
specimens were tested for stability by un- 
confined compressive strength tests over a 
range of temperatures from 0° F. to 100° F. 
The results of these tests, mixture composition, 
and mixing conditions are given in table 7. 
The relationships of strength to tempera- 
ture for the three binders are shown in figure 
8. These results followed the generally 
expected pattern; they were in the same 
order as viscosity-temperature susceptibility 
of the binders themselves. Compressive 
strength decreased as the temperature in- 
creased, with the rate of decrease being 
greatest for the RT-12 tar and least for the 
asphalt cement. It is of interest to note 
that, when the curves for the asphalt and 
coal-modified tar binders were extended, the 
coal-modified tar binder showed higher 
strength at 140° F., the maximum tempera- 
ture usually found in pavements. Thus it 
was indicated that the coal-modified tar 
binder of the consistency used in these tests 
would provide higher stabilities than the 
85-100 penetration asphalts at any tempera- 
ture that would be encountered in service. 
This was not true for the RT-12 tar; the 
curve intersects the asphalt curve at a 
temperature of 67° F., thus indicating that 
this material would have significantly lower 
stability at 140° F. It is of further interest 
to note the extremely high compressive 


strengths shown for the coal-modified tar — 


and the RT-12 tar at 0° F. These strengths 


are approximately double those of the asphalt { 


and are in the range of the strength of port- 
land cement concrete. 


The relation of the data obtained in these | 


laboratory tests to stability of the pavement 
after construction is not known. However, 


the conditions of laboratory mixing, com- 
paction, and testing were such that the hard- | 
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ening occurring would most likely have been 
Jess than actually occurs in construction. 
Also, the tar materials would be expected to 
exhibit greater differences between laboratory 
and field specimens than asphalts. Thus, it 
ean be surmised that actual differences in 
the stabilities of pavements made with the 
different materials would be greater than 
those indicated by these tests. 

As no evaluation of the brittleness or 
resistance to abrasion of the various mixtures 
was made, compressive strengths of the mag- 
nitude indicated by the tar materials at low 
temperatures should not necessarily be con- 
strued as being advantageous. It is likely 
that pavements containing such mixtures 
would be subject to abrasion losses and 
cracking at low temperatures, and that such 
distress would be accelerated by any harden- 
ing of the binders in service. The perform- 
ance of these materials in the Kentucky 10° 


experiments seemed to indicate such defi- 8 
ciencies. DAYS AGED 


REFERENCES Figure 6.—Effect of aging at 110° F. on binder viscosity. 
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Figure 8.—Variation of compressive strength with temperature. 
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A list of the more important articles in Pusuic Roaps and title 
‘sheets for volumes 24=31 are available upon request addressed to 
Bureau of Public Roads, Washington 25, D.C. 

' The following publications are sold by the Superiniendent of 

‘Documents, Government Printing Office, Washington 25, D.C. 
Orders should be sent direct to the Superintendent of Documents. 
' Prepayment is required. 


“ANNUAL REPORTS 


Annual Reports of the Bureau of Public Roads: 

| 1951, 35 cents. 1955, 25 cents. 1958, 30 cents. 1959, 40 
cents. 1960, 35 cents. (Other years, including 1961 report, are 
now out of print.) 


] 


REPORTS TO CONGRESS 


‘Factual Discussion of Motortruck Operation, Regulation and 


Taxation (1951). 30 cents. 
| 


| Federal Role in Highway Safety, House Document No. 93 (1959). 
60 cents. 


; Highway Cost Allocation Study: 
First Progress Report, House Document No. 106 (1957). 
35 cents. 


Final Report, Parts I-V, House Document No. 54 (1961). 
70 cents. 


Final Report, Part VI: Economic and Social Effects of High- 
way Improvement, House Document No. 72 (1961). 
25 cents. 


The 1961 Interstate System Cost Estimate, House Document 
No. 49 (1961). 20 cents. 


U.S. HIGHWAY MAP 


Map of U.S. showing routes of National System of Interstate 
_ and Defense Highways, Federal-aid Primary Highway System, 
_ and U.S. Numbered Highway System. Scale 1 inch equals 80 
| miles. 25 cents. 


| PUBLICATIONS 
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| Sbetedate Gradation for Highways: Simplification, Standard- 

ization, and Uniform Application, and A New Graphical 
Evaluation Chart (1962). 25 cents. 


| oa 
America’s Lifelines—Federal Aid for Highways (1962). 15 cents. 
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Classification of Motor Vehicles, 1956-57 (1960). 75 cents. 
Design Charts for Open-Channel Flow (1961). 70 cents. 


Federal Laws, Regulations, and Other Material Relating to 
Highways (1960). $1.00. 


Financing of Highways by Counties and Local Rural Govern- 
ments: 1942-51 (1955). 75 cents. 


Highway Bond Calculations (1936). 10 cents. 
Highway Capacity Manual (1950). $1.00. 


Highway Statistics (published annually since 1945): 
1955, $1.00. 1956, $1.00. 1957, $1.25. 1958, $1.00. 1959, 
$1.00. 1960, $1.25. 


Highway Statistics, Summary to 1955. $1.00. 


Highway Transportation Criteria in Zoning Law and Police Power 
and Planning Controls for Arterial Streets (1960). 35 cents. 


Highways of History (1939). 25 cents, 

Hydraulics of Bridge Waterways (1960). 40 cents. 

Increasing the Traffic-Carrying Capability of Urban Arterial 
Streets: The Wisconsin Avenue Study (1962). 40 cents. 

Landslide Investigations (1961). 30 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00. 

Manual on Uniform Traffic Control Devices for Streets and High- 
ways (1961). $2.00. 

Parking Guide for Cities (1956). 55 cents. 

Peak Rates of Runoff From Small Watersheds (1961). 30 cents. 

Road-User and Property Taxes on Selected Motor Vehicles, 1960. 
30 cents. 

Selected Bibliography on Highway Finance (1951). 60 cents. 


Specifications for Aerial Surveys and Mapping by Photogram- 
metric Methods for Highways, 1958: a reference guide outline. 
75 cents. 

Standard Specifications for Construction of Roads and Bridges 
on Federal Highway Projects, FP-61 (1961). $2.25. 

Standard Plans for Highway Bridge Superstructures (1956). 
$1.75. 

The Identification of Rock Types (revised edition, 1960). 20 
cents. 

The Role of Aerial Surveys in Highway Engineering (1960). 40 


cents, 


Transition Curves for Highways (1940). $1.75. 
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